Pulmonary disease is the main cause of morbidity and mortality in cystic fibrosis (CF) patients due to exacerbated inflammation. To date, the only anti-inflammatory drug available to CF patients is high-dose ibuprofen, which can slow pulmonary disease progression, but whose cyclooxygenase-dependent digestive adverse effects limit its clinical use. Here we have tested sulindac, another non-steroidal anti-inflammatory drug with an undefined anti-inflammatory effect in CF airway epithelial cells.
Introduction
Cystic fibrosis (CF) is caused by mutations within the CF transmembrane conductance regulator (CFTR) gene leading to defective epithelial chloride transport in many organs. In the airway, CF is characterized by excessive mucus production, chronic bacterial infection, exaggerated inflammatory response, and progressive tissue damage.
The identification of novel drugs to reduce lung inflammation is therefore considered a key therapeutic approach to prevent progressive lung tissue deterioration in CF (Koehler et al., 2004; Lands and Stanojevic, 2007; Taylor-Cousar et al., 2010) . Currently, the only therapy recommended by the CF Foundation to specifically alleviate the excessive airway inflammatory response is high-dose ibuprofen, a non-steroidal anti-inflammatory drug (NSAID). Two independent clinical trials showed that high-dose ibuprofen can slow disease progression (Konstan et al., 1991; Konstan et al., 2007; Lands and Stanojevic, 2007) , but the risk of adverse effects such as gastrointestinal complications have limited its clinical use. Mechanisms independent of cyclooxygenase (COX) have been proposed to explain ibuprofen benefits in CF such as the inhibition of NF-κB activity (Dauletbaev et al., 2010) . However, this inhibition was not accompanied by decreased IL-8 production (Dauletbaev et al., 2010) . IL-8 is the major PMN chemoattractant secreted by airway epithelial cells, whose secretion is reported in numerous studies to be increased in CF airway fluids (Jacquot et al., 2008) . Here, we have assessed compounds with antiinflammatory activity (measured as decreased IL-8 production) and with fewer COX-related side-effects.
Sulindac sulfoxide (sulindac hereafter) (Z-5-fluoro-2-methyl-1-[4-(methylsulfinyl) benzylidene]-1H-indene-3-acetic acid) is an NSAID that decreases PG production by inhibition of COX and is currently used in the treatment of chronic inflammatory diseases such as arthritis. It is a prodrug that can either be reversibly reduced to a pharmacologically active sulfide derivative, that inhibits COX, or be irreversibly oxidized to a sulfone derivative, inactive on COX. The reversible biotransformation of sulindac in equilibrium with sulfide provides a long half-life for the active drug and a favorable gastrointestinal tolerance (Duggan et al., 1980; Duggan, 1981) . Moreover, sulindac can act in the lung, as it dereased induced pulmonary fibrosis in rats (V erma et al., 2013) . Interestingly, sulindac possesses a chemopreventive activity shown to involve COXindependent mechanisms (Piazza et al., 1997; Han et al., 1998; Yamamoto et al., 1999; Babbar et al., 2003) . The known targets modulated by sulindac to explain these properties and that are relevant to CF pathogenesis include ceramide (Chan et al., 1998 ) , the PP ARs (Babbar et al., 2003; Jarvis et al., 2005) , PDEs acting on cGMP (Soh et al., 2000) and NF-κB pathways (Yamamoto et al., 1999; Loveridge et al., 2008) .
In this study, we investigated the action of sulindac on lung inflammation in the context of CF therapy. We found that, like ibuprofen, sulindac inhibited NF-κB transcriptional activity. However, in contrast to ibuprofen, sulindac also decreased IL-8 transcription and secretion.
Methods

Cells
Stably transfected HeLa cells expressing wild-type CFTR (HeLa-WT), F508del-CFTR (HeLa-F508del) or pTracer (HeLa) were grown in DMEM containing 10% fetal calf serum (from Invitrogen). Human bronchial epithelial cell line CFBE41o-, derived from a CF patient and stably expressing wild-type CFTR (CFBE-WT) and F508del CFTR (CFBE-F508del) (Kunzelmann et al., 1993; Gruenert et al., 2004; Illek et al., 2008) . CFBE cells were obtained and used following a special agreement with UCSF . CFBE cells were grown on Transwell inserts (Costar) in MEM containing 10% FCS (Kunzelmann et al., 1993; Gruenert et al., 2004) . Cells seeded at 2.5 x 10 5 cells cm -2 were placed at an air-liquid interface after 24h and allowed to polarize for at least 6 days. Mucilair TM epithelium is a 3D human airway epithelia reconstituted in vitro obtained from primary human bronchial cells from a single CF donor, homozygous for F508del (Epithelix, Geneva, Switzerland). All cells were grown at 37°C with 5% CO 2 . For treatment, drugs were added in DMEM with 1% FBS.
Plasmid construction and luciferase reporter assay. 
Animals models and ethical statement
All animal care and experimental protocols complied with INSERM guidelines and were approved by the Regional Ethical Committee . The experimental procedures used in the work were as humane as possible. The animal studies are reported as recommended by the ARRIVE guidelines (Kilkenny et al., 2010; McGrath & Lilley, 2015 
Sulindac quantification in mice
To optimize the timing of treatment of mice with sulindac, we developed a mass spectrometry-based analysis technique to quantify sulindac in mouse serum and lung samples. C57BL/6J mice were injected i.p. with 40 mg·kg -1 sulindac.
At several time points, serum and lungs were collected and stored at -80°C. Sulindac was quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS), performed by electrospray ionization in positive mode using a triple quadrupole mass spectrometer.
Stock and working solutions, internal standard, calibration standards. For each drug, a primary stock solution was prepared at 5 mg·mL -1 in methanol or DMSO/methanol (v/ v, 50/50) for sulindac and then stored at -80°C. Stock solutions were mixed together in order to get a methanolic working solution containing drug at 1 mg·mL -1 . It was used for the preparation of the calibration standards ranging from 39 to 10,000 ng·mL -1 . A 1 mg·mL -1 diclofenac stock solution was prepared and used as internal standard. The calibration standard plasma samples were stored at -80°C prior to analysis. Ten-point calibration standard curves have been calculated and fitted by least-squares linear regression of the peak-area ratio of each drug to IS against the concentrations of the corresponding drug in each standard. The assay proved to be linear and acceptable, as the regression coefficients were >0.99 for each of the three standard curves.
LC-MS/MS conditions. The liquid chromatography consisted of a Thermo Scientific (Courtaboeuf, France) Accela® autosampler and a quaternary pump. Separation was performed on an Hypersil Gold® (2.1 x 100 mm; pore size 1.9 μm) analytical column placed in a thermostated column heater at 50°C. The chromatographic system was coupled to a triple quadrupole (TSQ) Quantum Ultra mass spectrometer (MS) from Thermo Fisher Scientific, equipped with an Ion Max electrospray ionization (ESI) interface and operated with XCalibur 2.07 software (Thermo Fisher Scientific Inc., Courtaboeuf France).
The mobile phase used for chromatography was 10 mM ammonium formate buffer containing 0.1% (v/v) formic acid (solution A), and acetonitrile with 0.1 % (v/v) formic acid (solution B). The mobile phase was delivered using the following stepwise gradient elution program: run from 50:50 (A:B) to obtain 20:80 (A:B) at 13 minutes, conditions 50:50 (A:B) maintained from 13.1 to 15 minutes for equilibration.
The thermostated column heater was set at 50°C and the autosampler was maintained at 4°C. The MS conditions were as follows: ESI in positive mode, capillary temperature: 325°C: 10V , tube lens voltages were 110 and 240 for sulindac and diclofenac; collision energies (50 and 15 V); spray voltage: 3500 V; sheath and auxiliary gas (nitrogen) flow-rate: 45 psi and 25 (arbitrary units), respectively. The Q2 collision gas (argon) pressure was 1.5 mTorr. Data were acquired in selected reaction monitoring (SRM) mode. Two transitions were selected for each analyte in order to improve the specificity of the assay: one was used for the quantitation 357.1 -233 for sulindac and 339.97 -321.9 for diclofenac and the other one for confirmation 357.1 -248 for sulindac (ion ratio of 80%).
Quadrupole resolution on Q1 and Q3 were set to 0.7 FWHM. Scan width was 0.05 amu, scan time 0.04 ms. Data acquisition and processing were performed using the Xcalibur® (version 2.07) (ThermoScientific, San Jose, CA, USA).
The assay proved to be linear and acceptable, as the regression coefficients were >0.99 for each of the twenty standard curves. The LLOQ was established at 39 ng·mL -1 for sulindac.
Mean intra-day and inter-day precisions were good with CVs within 4.3 and 9.8%. Matrix effects and extraction yields ranged from 84.6 to 109 % and 84.0 to 101.2% respectively.
Sample extraction procedures. Methanol (100μL for serum or 300μL for lung) containing 10 ng·mL -1 diclofenac was added to each experimental sample. Standards were extracted in the same conditions. After vortexing, each sample was centrifuged at 6,000 x g at 4°C for 15 minutes. Samples of supernatant (50μL) were diluted two-fold in the mobile phase A and 25 μL were injected into the HPLC system.
Model of acute lung injury (ALI) in mice
CF mice and WT littermates received intra-tracheal instillation of 400 μg·kg -1 LPS from P.aeruginosa (Sigma, St. Louis, MO) or an equivalent volume of saline, 1 h after i.p injection of 40 mg·kg -1 sulindac. Three hours later, mice were anesthetized with 110 mg·kg -1 ketamine and 4.8 mg·kg -1 xylazine and bronchoalveolar lavage was performed by cannulating the trachea and lavaging with 4 x 0.5 mL sterile saline.
RNA extraction and mRNA quantification
RNA from lungs were extracted with Trizol® Reagent (Invitrogen), according to the manufacturer's instructions. The mRNA was DNAse treated for 30 min at 37°C before heat denaturation of the enzyme (Fermentas). The treated RNA (300 ng) was reverse transcribed using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Fermentas). Resulting cDNA was then diluted by 5 in sterile distilled water and subsequently used as a template. Quantitative PCR was performed using SYBR Green Taq Ready Mix (Qiagen). Samples were amplified in a LightCycler® 480 System (Roche). Results were normalized to the amount of 18S RNA. RT and Q-PCR analyses were performed in duplicate. The 2 -ΔΔCt method was applied to estimate relative transcript levels. The primer sequences were as follows: 18S_for-ward 5′-AACTTTCGATGGTAGTCGCCGT-3′,18S_reverse 5′-TCCTTGGATGTGGTAGCCGTTT-3′, KC_forward 5'-AAGCTC-CCTTGGTTCAGAAA -3', KC_reverse 5'-TCAGAAGCCAGCGT-TCAC-3', CXCL2_forward 5'-GCCAAGGGTTGACTTCAAGA-3', CXCL2_reverse 5'-CTTCAGGGTCAAGGCAAACT -3'.
Data and statistical analysis
These studies comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . The experimental procedures or treatment and data analyses were carried out with randomization and blinding. For in vivo studies, all groups were initially designed to contain 10 mice by group for C57BL/6J background and 6 mice for 129/FVB background. Sizes of the mice groups were different due to early death or technical difficulties in BALF procedure. For statistical analyses, we used raw data except for mRNA quantification by RT qPCR which have been normalized to the amount of 18S RNA. We used non parametric methods (Wilcoxon-Mann-Whitney for two groups' comparison or Kruskal-Wallis for ≥3 groups comparison followed by Dunn's post hoc tests when F reached significance).
For in vitro studies, we performed a minimum of 5 independent experiments, where individual data points were based on at least technical duplicates each. For statistical analysis, we used normalized data to reduced variability of baseline between independent experiments. Data were normalized in fold over vehicle without TNF-α mean. For two group's comparison, we used unpaired Student's t-test. When we compared ≥3 different groups, we first used oneway ANOV A, and if F reached significance, two post hoc tests were used: the Dunnett post hoc test when comparing each group with V eh., or the Sidak post hoc test whenever multiple groups comparison was necessary. All analyses were performed on GraphPad Prism® version 6.0 software and P-values of <0.05 were considered significant. For graphic representation, experimental values are expressed as a percentage of the mean value from the WT cells treated with V eh + TNF-α.
Materials
Sulindac, sulindac sulfone, ibuprofen, human TNF-α, NS-398 and CFTR(inh)-172 (inh172) were purchased from Sigma (St. Louis, MO) and VX-809 (lumacaftor) was purchased from AbMol BioScience (Houston, USA).
Results
Effect of sulindac on the NF-κB pathway
To demonstrate the effects of sulindac on NF-κB activity, HeLa cells were transfected with an NF-κB luciferase reporter plasmid and NF-κB transcription activity was stimulated by 10 ng·mL -1 TNF-α. Cells were treated with various concentrations of NSAIDs. As shown in Fig. 1A , compared with vehicle, ibuprofen significantly inhibited TNF-α-induced NF-κB activities at 500 μM and EC 50 was extrapolated to be 1,813 μM. Sulindac caused a dose-dependent decrease in TNF-α-induced luciferase activity in HeLa cells (Fig. 1B) and in the lung epithelial cell line, BEAS-2B (Fig. 1C) . Sulindac significantly inhibited NF-κB activities at concentrations equal or greater than 300 μM and EC 50 values were 420 μM in HeLa cells and 347 μM in BEAS-2B cells. Sulindac is a prodrug that can be metabolized to sulindac sulfone or sulindac sulfide ( Fig. 2A) . From studies in cancer research, sulindac is known to inhibit NF-κB activity at concentrations between 200 and 1,000 μM, without toxicity (Yamamoto et al., 1999; Loveridge et al., 2008; Mackenzie et al., 2010) . We chose an intermediate dose of 500 μM of the prodrug to evaluate its anti-NF-κB activity on HeLa cells stably transfected with CFTR wild type (HeLa-WT) and CFTR F508del (HeLaF508del). To evaluate NF-κB activity, cells were transfected with an NF-κB luciferase reporter plasmid and pretreated with sulindac, ibuprofen or vehicle for 30 minutes. NF-κB activity was then stimulated by 10 ng·mL -1 TNF-α for 1h
and cells were treated with or without sulindac or ibuprofen for 4h as shown in Fig. 2B . NF-κB activity was greater in the HeLa-F508del cells, both under basal conditions and in response to TNF-α, than in the HeLa-WT cells under TNF-α stimulation (Fig. 2C, left panel) . To compare the effects of drugs in both cell types, the NF-κB activities were normalized and expressed as the percentage of induction in HeLa-WT cells treated with vehicle and induced by TNF-α (Fig. 2C, right panel) . Basal NF-κB activity was not significantly modified by ibuprofen or sulindac ( Figure S1 ). NF-κ B activity induced by TNF-α was similarly decreased by ibuprofen and sulindac in HeLa-WT and in HeLa-F508del cells (Fig. 2C) . In order to explore whether these sulindac effects were dependent on its known anti-COX activity, we tested effects of another COX inhibitor, NS-398 (Zhu et al., 2008) and the COX-inactive metabolite, sulindac sulfone. Treatment by NS-398 did not significantly modify TNF-α-induced NF-κB activity with or without sulindac in HeLa-WT and HeLaF508del cells (Fig. 2D) . Moreover sulindac sulfone decreased NF-κB activity similarly to sulindac (Fig. 2E) .
To investigate the mechanism of action of sulindac on the NF-κB pathway, we analysed subcellular localizations of p65, an NF-κB subunit, and IκB. The cytosolic proteins were used Figure 1 Concentration-dependent inhibition of sulindac and ibuprofen on NF-κB transcriptional activity. Concentration-response data for the effects of ibuprofen (n=6) (A), sulindac (n=7) on Hela cells (B) and sulindac (n=7) on airway epithelial cells BEAS-2B (C), on NF-κB activity. Left panels represent TNF-induced NF-κB transcriptional activity expressed as a percentage of vehicle (Veh.) +TNF-α, at doses ranging from 0 μM to 500 μM of NSAIDs. Right panels represent linear regression of percentage of inhibition of NF-κB activity in function of log[dose] to determine EC 50 values for ibuprofen and sulindac. *P < 0.05, significantly different from Veh. +TNF-α.
to detect IκB by Western blot. TNF-α induced a rapid degradation of more than 90% of IκB, and this was not modified by sulindac pretreatment ( Figure S2 ). We then checked the subcellular distribution of p65 by immunofluorescence and by quantitative Western blot assay after cell fractionation. In control cells, p65 had a cytosolic distribution and TNF-α induced a rapid and full nuclear translocation. Treatment with sulindac did not modify p65 localization, either qualitatively or quantitatively, under either in basal or induced conditions ( Figure S2 ).
Effect of sulindac on the IL-8 pathway
To investigate whether the inhibition of NF-κB activity by sulindac had a downstream effect on the IL-8 promoter, we used a luciferase reporter assay (de Becdelievre et al., 2013) . HeLa cells transiently transfected with this construct were treated with vehicle, sulindac or ibuprofen and inflammation was induced by TNF-α as shown Fig. 3A . As previously described in other cells, ibuprofen did not affect IL-8 promoter activity (Dauletbaev et al., 2010) . However, sulindac significantly decreased IL-8 promoter activity in HeLa-WT and in HeLa-F508del cells (Fig. 3B) .
Treatment with NS-398 did not modify TNF-α-induced IL-8 promoter activity in HeLa cells treated with vehicle or sulindac (Fig. 3C) . Lastly, the sulfone metabolite of sulindac inhibited IL-8 promoter activity, as effectively as sulindac (Fig. 3D) . COX-independent effects of sulindac in CF models BJP
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We then tested the effect of sulindac on NF-κB and IL-8 promoter activity, in combination with VX-809 (lumacaftor), a CFTR corrector that can rapidly improve CFTR maturation in F508del cells (V an Goor et al., 2011) (Fig. 4) . HeLaF508del cells transiently transfected with the reporter system were treated with VX-809, then treated with vehicle or sulindac and inflammation was induced by TNF-α, as shown Fig. 4B . VX-809 treatment induced maturation of CFTR F508del (Fig. 4A) and inhibited NF-κB activity and IL-8 promoter activity (Fig. 4C and 4D) . However, adding VX-809 to sulindac had no significant additive effect on NF-κB activity and IL-8 promoter activity although levels of NF-κB activity tended to be lower with the combination (Fig. 4C and 4D) .
To explore if this transcriptional effect was reproduced at the protein level, we assayed IL-8 protein secretion into the culture medium (Fig. 5A) . HeLa-F508del cells secreted twice as much IL-8 as the HeLa-WT cells under basal conditions, and three-fold more IL-8 than HeLa-WT cells following upon TNF-α stimulation (i.e., approximately 32-fold and 48-fold respectively) (Fig. 5B, left panel) . The preliminary data indicated that sulindac, but not ibuprofen, reduced this stimulation by TNF-α, decreasing IL-8 secretion similarly in HeLa-WT and in F508del cells (Fig. 5B, right panel) .
These effects were also demonstrated in monolayers of polarized human bronchial epithelial cells, expressing recombinant CFTR (CFBE cells; Fig. 6 ). In these cells, IL-8 secretion was induced by apical addition of 40 ng·mL -1 TNF-α, 5 μg·mL -1 LPS and 2 ng·mL -1 IL-1β (referred to as CytoMix). In CFBE-F508del cells, the CytoMix induced apical IL-8 secretion up to four-fold (Fig. 6A , left panel) and sulindac significantly reduced this secretion (Fig. 6A, right panel) . In order to test this effect in a CF model which mimics all classes of CFTR mutations (Fanen et al., 2014) , we inhibited CFTR activity with 10 μM inh172. At this concentration, inh172 is a potent and specific reversible allosteric inhibitor for CFTR function (Ma et al., 2002; Kopeikin et al., 2010; Melis et al., 2014) . Inh172 treatment mimics the CF inflammatory profile and can used to create a CF like model (with its own control) (Perez et al., 2007) . In CFBE-WT cells, the CytoMix induced apical IL-8 secretion up to nine-fold, relative to basal secretion level (Fig. 6B , left panel) and this secretion of IL-8 was attenuated by sulindac.. CFTR inhibition (with inh172) had no effect under basal conditions and the CytoMix still significantly increased IL-8 secretion (Fig. 6B, left panel) . Under sulindac treatment, this increased secretion induced by the CytoMix was effectively blocked (Fig. 6B, right panel) . In a final series of experiments, inhibition of IL-8 secretion by sulindac was demonstrated in primary human bronchial epithelial cells derived from a CF donor, homozygous for F508del (Mucilair TM , Epithelix) (Fig. 7) . In these cell cultures, basal IL-8 secretion was significantly decreased by 100 μM and by 500 μM of sulindac (Fig. 7) .
Effect of sulindac on lung inflammation
To test this pharmacological effect in vivo, we chose a mouse model of pulmonary inflammation commonly used in pharmacological studies. Inflammation limited to the lungs is caused by intra-tracheal instillation of lipopolysaccharide (LPS) in WT and CF mice. This methodology provides a good model to monitor pro-inflammatory cytokine secretion and neutrophil recruitment to the lungs (Matute-Bello et al., 2008) . Under our conditions, instillation of 400 μg·kg Sulindac has a long half-life in humans, with 7 hours for the original sulfoxide form, and 15 hours for the metabolites (Huang et al., 2014) . Bioavailability and pharmacokinetic studies on animal models have shown that: (i) sulindac was present in tissues of multiple organs, including the lungs (in lesser amounts than in the liver and kidneys), (ii) its halflife was variable and depended on the species studied, (iii) the method of administration had important effects on its pharmacokinetics and pharmacodynamics (Duggan et al., 1978; Duggan et al., 1980; Kapetanovic et al., 2006) . We first assessed sulindac distribution after i.p. administration of an intermediate dose (40 mg·kg -1 ) (Yip-Schneider et al., 2007; Wentz et al., 2009 ) in C57BL/6 mice. Lung and serum sulindac concentrations were quantified using an LC-MS/ MS approach developed in our laboratory. Following i.p. injection in mice, sulindac appeared rapidly in both serum and lung (Fig. 8A) . The highest concentration was measured at the first sampling at 30 minutes post-injection with 24,980±1,150 ng·mL -1 of sulindac in serum and 21±6 ng·mg -1 in lung tissue. In mice, sulindac has a rapid bioavailability and a very short half-life of about 1 hour. In order to study the effect of sulindac on the secretion of CXCL2 and KC in BALF , mice were injected with sulindac or vehicle 1h before intra-tracheal LPS instillation and BALF was collected 6h after instillation (Fig. 8B) . In absence of LPS stimulation, there was no CXCL2 or KC detectable in BALF but, following LPS, both chemokines were clearly present in BALF . Sulindac treatment decreased these stimulated levels of both chemokines ( Fig. 8C and 8D ). The effect of sulindac on the mRNA for pro-inflammatory chemokines was confirmed in CF mice (cftr tm1Eur , F508del/ F508del) and not in their littermates (+/+) (Fig. 9 ). Mice were injected with sulindac or vehicle 1h before intra-tracheal LPS instillation, BALF and lung were collected three hours after instillation. mRNA levels and cytokine secretion were monitored by RT-qPCR and ELISA respectively (Fig. 9A) . LPS increased the mRNA for CXCL2 in both strains ( +/+ and F508del/F508del). Sulindac treatment significantly reduced the induction by LPS of the mRNA for CXCL2 (Fig. 9B ) or for KC (Fig. 9C ) in CF mice. We then tested LPS-induced mRNA expression of other pro-inflammatory cytokines in the lung. After sulindac treatment we also observed a reduction of IL-6 and TNF-α mRNA in CF and WT (+/+) littermate mice ( Figure S3 ).
All groups were initially designed to contain 6 mice on the 129/FVB background but due to technical difficulties in the BALF procedure, the final sizes of the groups were different. Therefore, no statistical analysis could be performed for the levels of chemokine protein secreted into BALF (Curtis et al., 2015) . In absence of LPS stimulation, CXCL2 secretion in BALF was 72± 50 pg·mL -1 and 25±15 pg·mL -1 for +/+ and F508del/F508del mice respectively, with no effect of sulindac (data not shown). Sulindac treatment tended to decrease secretion of CXCL2 (Fig. 9D ) and of KC (Fig. 9E ) in +/+ and F508del/F508del mice. Despite the apparent reduction of the KC and CXCL2 levels in BALF , the decrease was clearly greater in the WT littermates.
Discussion
The present study was designed to test if sulindac could be valuable at replacing ibuprofen to diminish lung inflammation in CF patients. The pulmonary pathology of CF is distinguished by the hyperactivity of transcription factors involved in inflammation, more particularly of NF-κB, which is associated with an increased expression of pro-inflammatory cytokines, such as IL-8. Dysregulation of NF-κB signaling in CF appears to have multiple origins and remains controversial. Whether there is constitutive activation of proinflammatory signalling directly linked to CFTR dysfunction in humans is still unresolved and is a difficult issue to address experimentally. Results obtained with in vivo models of CF have concluded that infection precedes inflammation. Indeed, at birth, CF piglets lack inflammation in their airways but harbor more bacteria than the WT littermates and they fail to eradicate bacteria and develop lung disease characterized by airway inflammation, remodeling, mucus accumulation and infection within the first few months of life (Rogers et al., 2008; Stoltz et al., 2010) . CF ferrets have also exhibit defective eradication of lung bacteria, but demonstrate an abnormally elevated inflammatory response at birth (Keiser et al., 2015) . In addition, although infections precede inflammation, subsequent inflammatory responses and resolution of inflammation is abnormal. Interestingly, recent in vitro studies have indicated an intrinsic anti-inflammatory activity of WT CFTR (Hunter et al., 2010; V eit et al., 2012) , and have shown that its loss of function could lead to the activation of the NF-κB pathway (Perez et al., 2007) . Whatever the cause of this increased NF-κB activation may be, it is a clear target for new anti-inflammatory drugs in the context of CF . In order to compare our work with the current standard therapy (high-dose ibuprofen), we have used a similar methodological approach to that established by Dauletbaev et al. in their study on the mechanism underlying the action of of ibuprofen in CF cells (Dauletbaev et al., 2010) . Although we have used a heterologous model of HeLa epithelial cells stably expressing WT or F508del CFTR, the latter presenting CF characteristics such as enhanced NF-κB activity and IL-8 secretion, we have obtained similar results for ibuprofen, thus validating our research model (Clain et al., 2001; Jungas et al., 2002) .
We first showed that sulindac inhibited TNF-α-induced NF-κB activity in a concentration-dependent manner. Sulindac was more efficient than ibuprofen with an EC 50 value four-fold lower in HeLa cells. Anti-NF-κB activity of sulindac was confirmed in other cell lines, including bronchial epithelial cells with the same efficiency as shown by similar EC 50 values in these cells. Studies on the anti-cancer properties of sulindac highlighted its ability to inhibit NF-κ B activation by inhibiting IκB degradation, and consequently preventing nuclear translocation of NF-κB (Yamamoto et al., 1999; Li et al., 2012) . Under our experimental conditions, sulindac did not modify the TNF-α-induced IκB degradation and did not inhibit nuclear translocation of p65. Although IκB degradation is critical for NF-κB activation, other processes such as phosphorylation of its subunits or binding of coactivators may also be necessary. It can therefore be hypothesized that sulindac affects NF-κB nuclear activity by modifying 
Figure 7
Sulindac reduces IL-8 secretion in primary human bronchial epithelium from CF donor (F508del/F508del) (Mucilair TM ). IL-8 secretion was measured in basolateral media after treatment with vehicle (Veh.), 100 μM of sulindac (Sul. 100 μM) or 500 μM of sulindac (Sul. 500 μM) (n=6). *P < 0.05, significantly different from Veh. +TNF-α.
its interactions either with protein partners and/or with DNA. Sulindac may also modify NF-κB localization within the nucleus. In SW480 cells, inhibition of NF-κB activity followed sequestration of an inactive form of NF-κB in the nucleolus, after 5 h of incubation with sulindac (Loveridge et al., 2008) . Although we have not observed any modification of p65 localization within the nucleus after 30 minutes, we cannot exclude a similar mechanism in our cell model.
We then investigated if the inhibition of NF-κB activity led to a decrease in the production of the main inflammatory marker in CF airways, IL-8. Previous studies of the IL-8 promoter have shown that its -1 to -133 region was essential and sufficient for the regulation of gene transcription, and that this region contains an NF-κB binding site that is necessary for the induction of IL-8 expression (Edwards et al., 2005) . Interestingly, we found that, in contrast to ibuprofen, sulindac reduced the activity of this IL-8 promoter as assessed by a reporter system. This difference between ibuprofen and sulindac suggests that these two NSAIDs have different mechanisms of inhibition of the NF-κB pathway and/or on pathways regulating IL-8 expression. In fact, the IL-8 promoter contains at least two other binding sites for NF-IL6 and AP-1 transcription factors. The functionality of these binding sites depends on cell type and pro-inflammatory signals, probably due to the formation of transcriptional enhanceosome containing various transcription factors and co-activators (Hoffmann et al., 2002) .
At the protein level, and in contrast to ibuprofen, sulindac was able to inhibit IL-8 secretion. This effect was confirmed in several human epithelial cell line models: HeLa-WT andF508del cells heterologously expressing CFTR, Calu-3 bronchial secretory cells ( Figure S4 ), CFBE-WT bronchial cells with or without inh172 treatment, CFBE-F508del cells and primary human bronchial cells polarized at air-liquid interface. Overall, these results suggest a greater therapeutic capacity of sulindac compared to ibuprofen.
In order to test if the anti-NF-κB and anti-IL-8 activities of sulindac were dependent on its effects on the COX pathway, we used another COX inhibitor NS-398 or the sulindac sulfone metabolite that is inactive on COX. Our results showed that effects of sulindac, NS-398 and sulindac sulfone on both activities were very similar, demonstrating a COXindependent mechanism for sulindac. From a pharmacological standpoint, these are key results, as most side effects associated with NSAID treatment, notably those on the GI tract, are due to COX inhibition.
Importantly, in the context of therapeutic applications, we have tested the anti-IL-8 effect of sulindac on an in vivo model of pulmonary inflammation. There are two functional homologues of IL-8 that have been identified in mice: CXCL2 and KC. Pulmonary inflammation is characterized by a strong increase in the level of these chemokines in murine BALF 3 hours after LPS instillation. Treatment by sulindac induced a significant decrease in CXCL2 and KC secretion in C57BL/6 mice, validating its in vivo anti-IL-8 effect. In CF mice, treatment by sulindac induced a non-significant decrease in CXCL2 and KC concentrations, whereas we observed a marked and significant inhibition of CXCL2 and KC mRNA induced by LPS in the lung of CF mice. These results indicate a different response time in CF mice and that a longer exposure time will be necessary to see an effect not only at the transcriptional level but also at the protein level.
We then explored the anti-inflammatory effect of sulindac on CF cells treated with the CFTR corrector VX-809. Treatment with VX-809 alone inhibited the NF-κB and IL-8 promoter activity but there was no additive effect in combination with sulindac. We also observed that sulindac was able to fully correcting the pro-inflammatory effect induced by inhibition of CFTR with inh172 in the CFBE-Wt Figure 8 Sulindac decreases LPS-induced pro-inflammatory cytokines in BALF of C57Bl/6J mice. (A) Sulindac distribution in serum and lung after i. p. injection. C57Bl/6J male mice were injected i.p. with sulindac (40 mg·kg -1 ). Lung and serum were collected at different times and sulindac was quantified by mass spectrometry (n=4). Sulindac distribution in serum (left axis) and in lung (right axis) is shown as the means ± SEM. (B) In vivo experimental protocol of lung inflammation. Levels of CXCL2 (C) and KC (D) were quantified in BALF. Graphs represent box plot of raw data showing median, inter quartile range, minimum and maximum values.*P < 0.05, Veh. significantly different from Sul.
cells treated with the CytoMix. This may suggest an overlap between the signaling pathways involved in CFTR antiinflammatory activity and the MOA of sulindac. Ibuprofen has been shown to either inhibit or activate CFTR channel activity (Devor and Schultz, 1998; Tondelier et al., 1999; Li et al., 2008) and more recently to rescue F508del-CFTR trafficking (Carlile et al., 2015) . It thus would be interesting to investigate the effect of sulindac on CFTR processing and activity.
Altogether, our data demonstrate a COX-independent, anti-inflammatory effect of sulindac. Taken together, these features demonstrate that sulindac is a good therapeutic candidate for CF therapy. Furthermore, recent studies have made it possible to consider a real improvement of drugs through a lead optimization phase. The objective of this phase is to synthesize lead compounds, new analogues with improved potency, physiochemical/metabolic properties and reduced off-target activities. As already performed in cancer research studies (Zhou et al., 2010) , a screen of sulindac analogues could permit the identification of molecules that are safer and more potent in their effect on the NF-κB pathway and/or IL-8, in the context of CF therapeutic applications. In addition, the lung bioavailability of sulindac could be improved via an optimized mode of administration such as inhalation, an approach that has recently been validated for other NSAIDs (Stigliani et al., 2013) .
In conclusion, our results have shown that sulindac inhibited NF-κB and IL-8 by a COX-independent mechanism and that this drug could be beneficially employed in CF . Sulindac may be chemically improved for this new application. If further clinical studies support our conclusions, and because the molecule has already been approved by the Food and Drug Administration, we should expect its use to be more readily applicable to the treatment of patients. 
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